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ACHIEVING HIGH RESOLUTION MEASUREMENTSWITHIN
LIMITED BANDWIDTH VIA SENSOR DATA COMPRESSION

Michael Don and Tom Harkins
U.S. Army Research Laboratory
Aberdeen Proving Grounds, MD

ABSTRACT

The U.S. Army Research Laboratory (ARL) is devehlgpan onboard instrument and telemetry
system to obtain measurements of the 30mm MK31p@ite’'s in-flight dynamics. The small
size, high launch acceleration, and extremely agles of this projectile create many design
challenges. Particularly challenging is the higinsate which can reach 1400 Hz at launch.
The bandwidth required to continuously transmitasalata using the current method for such a
rate would leave no room for data from other senisd@io solve this problem, a data compression
scheme is implemented that retains the resolutidheosolar sensor data while providing room
in the telemetry frame for other measurements.
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INTRODUCTION

Various projectile programs are underway in the. bu$ny to develop medium caliber precision

munitions that will increase our warfighters’ lelihaand survivability while at the same time

limiting collateral damage. In support of one spcbgram, the U.S. Army Research Laboratory
(ARL) has been tasked with obtaining on-board mesamants of the 30mm MK310 projectile’s

in-flight dynamics from launch through impact. Témall size, high loads (70 Kg launch), and
extreme rates of this gun-launched, spin-stabilizegectile make this a challenging endeavor.
An onboard telemetry instrumentation system hasn bdesigned to make the required

measurements while preserving the MK310’s formdiaahd physical characteristics.

This onboard instrument and telemetry system iredudh rechargeable battery, S-band
transmitter, antenna, signal conditioning circyiffield-programmable gate array (FPGA) based
encoder, and various sensors. Solar sensors atetasnake critical angular measurements.
The spin rate of the MK310 is so high (up to 1400dt launch) that the bandwidth required to
continuously transmit solar data would leave nawdor data from the other sensors. To solve
this problem, a data compression scheme is impledehat retains the resolution of the solar
sensor data while providing room in the telemetayrfe for other measurements.
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First a brief overview of the instrumentation systes given. Next, solar measurement

requirements are explained in detail, leading ®téemetry bandwidth problem caused by the
projectile’s high spin rate. Finally, a solar datanpression scheme that solves this problem is
presented.

INSTRUMENTATION SYSTEM

Figure 1 shows a block diagram of the MK310’s imstentation system. The round is divided
into two sections. The front section houses therara, transmitter board, and two solar sensors.
The back section contains the instrumentation l®oadd battery power. 21 pin MDM
connectors link the two sections together, proygdsignal routing between the sections when
connected, as well as an external interface whesebtions are separated.

The instrumentation boards are a miniaturizationthe&f Multifunctional Instrumentation and
Data Acquisition System (MIDAS) designed by ARL ametailed in several technical reports
(1). The original MIDAS has a diameter of 1.4 ieshand height of 1.6 inches. This
miniaturization for a 30mm round is significantlgnaller, with a diameter of 0.856 inches and
height of 0.9 inches. Although these dimensioreatad design challenges, a wide variety of
sensors were able to be integrated into the desigihble 1 lists the sensors contained on each
board along with other pertinent information. Fg@ shows a picture of completed individual
encoder and configuration boards and a picture@sasembled encoder/configuration unit.
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Figure 1. Block diagram of theinstrumentation for the MK 310.




Table1l. 30mm MIDASboard descriptions

Board Description

Configuration High-G Accel I, Battery Monitor, A/LBignal conditioning/routing
Encoder connector x2| Combines configuration and@eicboards into a standalone unit
Encoder FPGA based PCM encoder, SRAM

Side Sensor x2 Accelerometer |, Rate Sensor (J 0iSkgnal routing

Accel Accelerometer J/K, High-G Accelerometer JA122, Rate Sensor |
Side Power 3V/5V power regulation

Side Mag Magnetometer I/J/K,

Connector Battery Protection, G-Switch, Enableusirg

Figure2. Encoder and configuration boards

SPIN AND YAWING RATE MEASUREMENTSUSING SOLAR SENSORS

It is critical to consider the anticipated dynamadgplanned flight experiments and their effects
on the operation of sensors in order to succeygsfi@sign an instrumentation system capable of
achieving the desired measurements. Measureméritse cangular motions of the MK310
projectile throughout its flight are required iretikurrent Army program. This projectile will
have an approximately Mach 3 launch velocity an@01#iz initial spin rate. At impact, the
rates are approximately Mach 1 and 1000 Hz respadyti

There are four types of sensors included in the MBDsuite that can be used for estimating
projectile spin and yawing rates; accelerometet® sensors, magnetometers, and solar sensors
(2). However, at spin rates of better than 1000bdh the accelerometers and the rate sensors
will be unable to provide measurements due to aatur of the devices from being out of range
and/or from cross-axis sensitivity. Because theemtory MK310 projectile includes
magnetizable materials, onboard magnetometer neasmts of the Earth’s magnetic field will

be corrupted by spin-induced, body-fixed magneitd§. Magnetic spin rate measurement
should still be possible but magnetometer outpul Wgely not be usable for yawing motion
measurements (2). At this point only solar sengsiagains as a potentially viable yaw
measurement methodology.

Solar sensings are acquired using ARL patentedcdsv(3) called solar light indicating
transducers (SLITs). Simplistically, a SLIT midie likened to a box with a hole in its top and a
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sensing element in its bottom, i.e., a photovolsabstrate. See Figure 3. Whenever the box is
oriented such that light comes in the hole an#esdrthe photocell, a voltage is produced. SLITs
are designed to have a small field of view (FOV)ha projectile roll direction and a large FOV
in the perpendicular direction. As the projecti¢ates, the sweeping of the SLIT FOV past the
sun creates a pulse within a sequential recorleBLIT output. When two or more SLITs are

used, the spacing of pulses can be processed eéardeé the included angl@) between the
projectile spin axis and the vector to the sunis Bpacing metric is called a solar ratio. Figdire
shows sensor output from a 2011 flight experimeint oslowly rolling projectile (~4 Hz)
equipped with two SLIT sensors. The accuracy witiich the location of the peak of the
negative polarity SLIT#2 pulse can be determinetivben two successive positive polarity
SLIT#1 pulse peaks (i.e., the current solar ratdogctly translates into the fidelity of the

measurement ab.
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Figure 3. SLIT expoded view Figure 4. Solar sensor flight data

Each pulse peak location is estimated as the mearGaussian fit to the digitized sensor output
across that pulse.  After installation of the SLd€nsors in a test projectile, laboratory

calibration is performed to determine the solaioratrelationship for that individual projectile
to account for solar ratio variations arising fromanufacturing and assembly tolerances. For
calibration purposes, these data are typically $aanpt least every 0.1 deg of roll to achieve

acceptable solar ratio/accuracy. In-flight sampling intervals are funas of projectile spin
rate and data acquisition system and telemetrgsysharacteristics.

Figure 5 gives an example of the calibration dat@=00 for the two SLIT projectile whose
flight data are shown in figure 4. These calimatdata, at 0.5 deg intervals, are seen as the red
dots. The red line is the Gaussian fit throughdalkbration data. The black vertical line is the
mean of the calibration data fit. Sampling at § agervals (blue circles), fitting these data élu

lines) to estimate peak locations, computing tHars@tio, and solving foO results in an error
of 2.34 deg.
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Figure 5. Calibration data and estimated flight data for two SLITs

Repeating this process at successively smallefightfsampling intervals, the resulting
estimation errors are shown in Figure 6. Thisdatis that sampling intervals of no more than

approximately 1.5 deg are necessary to achtewegeasurements of 0.1 deg accuracy. A 1.5 deg
sampling interval corresponds to a 336 kHz sampiatg at the MK310 launch spin of 1400 Hz.
At the same time, the 12-bit samples at a 4 mefgalfiroughput yield a 333000 word/s
telemetry rate. Thus, insufficient bandwidth exigi meet sampling requirements for the solar
sensors, not to mention the other MIDAS sensorfuty the frame counters, and the telemetry
sync words.
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Figure 6. M easur ement accuracy vs sampling interval

SOLAR DATA COMPRESSION

In order to increase the available bandwidth, agression scheme was implemented for the
solar data. The critical information containedhe solar data consists of the pulse peak times,
which when using two solar sensors, occur twicerpeolution. The most efficient method of
transmitting the solar data would be to only traihdhese peak times by calculating them on-
board the projectile. It is impractical, howevés, implement a curve fitting algorithm of
sufficient accuracy to calculate these peak timsmguthe low-power FPGA computing
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resources available. The next best approachdagture and time stamp the samples around the
peaks that make up the solar pulses while discarthe rest of the data. The actual peak times
can then be calculated during post-processing ugimge fitting algorithms to minimize error.
Since the peaks are relatively narrow, this apgréeads to a significant reduction in the amount
of transmitted data.

Figure 7 shows a block diagram of this compressreme. Analog sensor data are sampled at
a high rate in order to provide sufficient resautiof the solar pulses. Other sensor data are
sampled as well in these high speed frames andbaféered for transmission at a slower rate.
Solar data are buffered separately and then saheth weaks are detected. The data are time
stamped and inserted into a first-in, first-out®) buffer. This buffer empties into solar words
in the final lower speed output frames for transmis. Sizes and rates of the high and low
speed frames are defined so that they run synchstyno

High Low
A/D ¥ Speed » Buffer » Speed P TX
Fame: Fame:
.| Solar
Buffer Time-
Stsangred_’ Solar
FIFO
> Peak Pulse
Detect

Figure7. Solar data compression block diagram

An example telemetry frame design using this teqimiis implemented as follows. High speed
frames composed of 60, 12-bit words are sampldd afibs, resulting in a 833 kHz sample rate.

Solar data are sampled at every other word, giargplar sampling rate of 417 kHz. Peak
detection is performed on these high speed solaples and only the 16 samples around the
peak are saved. These samples are combined witla2sync words and 2 time stamp words,
and are buffered into a FIFO for insertion into ke speed frames for transmission. Assuming
the maximum spin rate is 1400 Hz, with 2 solar esiiger revolution, the average solar word rate
is 56 kHz. The final output frame is composed 4&f 22-bit words transmitted at 4 Mbs. This

synchronizes the internal high speed frames taltheer output frames which both have a frame
rate of about 14 kHz. 5 words of the output fraeeme sufficient to transmit the 56 kHz solar

words, leaving 19 words for the other sensors, lsyorgzation words, and frame counter. In

summary, 417 kHz solar data that would have redquli25% of the available telemetry frame

now only consume about 20%, allowing for solar &il @ws other sensors to be included in the
telemetry stream. Table 2 shows a summary ofttesscs of this telemetry design.

Table2. Solar compression frame summary

High Speed Bit Ra 10 Mbs Words per Solar Pul 20
High Speed Word Re 832 kHz Maximum Solar Word Ra 56 kHz
Words in High Speed Fran 60 Output Bil Rate 4 Mbs
High Speed Frame R: 14 kHz Words in Output Fran 24
Solar Sample Ra 417 kHz Output Frame Ra 14 kHz
Maximum Solar Pulse Re 280(Hz Solar Words per Output Frai 5
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The essence of this solar compression techniqu#ergifying the pealsolar samples. If the
solar output is well defined simple peak detection algonithis sufficien. Figure 8 shows a
diagram of a simple peak detection algorit Staring at the Threshold Detect state the solar
signal goes above thmositive pealthresholdthe Save Max state is entered, and the sam;
saved as a maximum Eachsuccessivesample is checked. |If it is greater than the d
maximum, it is aved as the new peak maximum, othervit is ignored. Once the signal di
below the thresholdthe saved value iconfirmed as the peak valaad the Threshold Dete
state is re-enteredSome hysteres is added to the thresholdsitmrease robustne to noise. A
similar proceduren repeated for negative pus using Save Miro identify minimum peaks
Figure 9shows the results of this peak detection rithm on well defined data. Tse solar
data were takefrom an actual munitions t¢ and resampletb simulate a maximum 14 Hz
roll rate.

Input > bias + threshold + hysteresis Threshold

/’ﬂ Detect

Save Max

Input < bias - threshold - hysteresis

Input < bias + threshold - hysteresis Input > bias - threshold + hysteresis

Figure8. Simple peak detection diagram
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Figure9. Simple peak detection on well defined data

Although this simple peak detection algorithm wofés well defined signals, there have b
instances of solar signals from flight testat have unusual noise characteric. Figure 10
shows the solar data from mortar flight test which exhibitsatge fluctuations in pulse
amplitude. In some of the flight di, repeatable notches occuriaedhe peaks as seenFigure
11. The simple @ak detection algorithm incorrectly identified sowfethe peaks caused by
these notches. It alsnissed some of tl negative peakthat were severely attenuated. In or
to increase the robustnesstlos compression schema more complex peedetection algorithm
was implementedThis algorithmcould then also be used other projectile progranto create
a rough oboard roll angle estima



FCMortar Solar Data Solar Peaks

4000
w o
g 3000t g 2000
() (]
© 2000 °
2 2 1980
[oR Q.
2 1000 g
< <
0 L L L 1960 L L L
0 10 20 30 40 34.9 35 35.1 35.2
Time (s) Time (s)
Figure10. FCMortar noisy solar data Figure 11. Simple peak detect on noisy data

Figure 12shows a block diagram of trnew algorithm. Starting in the Save Max stathe first
sample is automaticallgaved as a maximum. At eaiteration,the new sample is check
against the current maximum. |If it is lar, it becomes the new maximum, otherwise i
ignored. A threshold value is dynamically updated to be 28Pthe peak to peak amplitus
below the current maximum value. When the samgileg beneath this threshold, the maxim
value is buffered and the same procedure beginsoto for a minimum. Buffered peaks are
checked at each iteratidrom the Save Max and Save Min sti. If a specified time windo\
elapses, the buffered peakcenfirmed as a real peak asaved. If a new peak is found befi
the time window elapses, the new peak replaceslthbiffered peak. Buffering the peaand
using a time windowhas the effect of using only the last peak if a fesaks are detected
quick succession. This removes false peaks ddieetmotch in the solar pulses seerFigure
11. Each time a minimum ca maximum are detected, the peak to peak amplused in the
threshold calculatioms updatec This increases the algorithms noise immunity byating the
thresholds dynamicallgiuring flight, rather than relying on a predefirmhstant. A predefine
bias value is also unnecessary since the threshohdasured from the maximum and minim
values which are also calculated during fli. Figure 13shows this more complex pe
detection algorithm successfully identifying postiand negative pec in a noisy solar signal.

Check Buffer <———— Save Max
Delay > Time Window \L l/ Input < Max|— (Amp/4)
Buffer Max
Record Buffer
Y Update Amp

Check Buffer <«<— — Save Min

Delay > Time Window fﬁm b
Record Buffer Buffer Min

Update Amp

I

Figure 12. Complex peak detection
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Figure 13. Complex peak detection on noisy data

Testing is planned in three stages. First the R&gbder unit will be verified along with the
hardware description language (HDL) code that immgliets the solar compression technique by
using simulated solar data. Next the additionakse electronics will be tested using real input
from an outdoor spin test. Finally, the instrunagioin system will be used to collect data from a
real flight test. To date, only the first stagdesting has been completed.

The resampled flight data shown in Figure 9 wereduas simulated solar data for laboratory
testing. They were converted to a LabVIEW binasgnfat and output at 500 KHz using a NI
USB-6259 DAQ. This file was fed into an analog s@ninput in the assembled encoder unit
shown in Figure 2, encoded into the PCM stream, artgut using a M/A COM 2255.5 MHz
FM transmitter. Data were captured using a JDA MuBECOM system and saved for post
processing. Figure 14 shows example solar pulsetied by the PCM encoder and displayed
relative to their decoded timestamps. The errarlhangle between the simulated solar data
and the post-processed compressed data for 158 eakown in Figure 15. Timing between
the supplied test signal and the received signalaligned by shifting the signals to minimizing
the mean squared error. The minimal errors shosvifyvthe implementation of the solar data
compression scheme, and are likely due to elettraae, quantization errors, and clock jitter.
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Figure 14. Solar telemetry data
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CONCLUSION

Designing an onboard telemetry instrumentation esgstor the 30mm MK310 posed many
design challenges. Particularly challenging wastilgh spin rate which can reach 1400 Hz at
launch. The bandwidth required to continuouslygrait solar data for this spin rate leaves no
room for data from other sensors. To solve thigbj@m, a data compression scheme was
designed that retains the solar sensors’ resolwtioile providing room in the telemetry frame
for other measurements. The design was successtilified through laboratory simulation,
and flight tests are planned in the future. Besideabling measurements for the MK310, this
design will enhance the telemetry capability ofcdl/ARL’s programs that use solar sensors.
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